Lysine acetylation is a dynamic and reversible post-translational modification. Acetylation of lysines on their ε-amino group is catalyzed by lysine acetyltransferases (KATs[^1^](#G1){ref-type="fn"}, also known as histone acetyltrasferases (HATs)), and reversed by lysine deacetylases (KDACs, also known as histone deacetylases (HDACs)) ([@B1]). The enzymatic machinery involved in lysine acetylation is evolutionary conserved in all forms of life ([@B2][@B3]--[@B4]). The role of acetylation has been extensively studied in the regulation of gene expression via modification of histones ([@B5]). Acetylation also plays important roles in controlling cellular metabolism ([@B6][@B7][@B8][@B9]--[@B10]), protein folding ([@B11]), and sister chromatid cohesion ([@B12]). Furthermore, acetylation has been implicated in regulating the beneficial effects of calorie restriction ([@B13]), a low nutrient diet without starvation, and aging. Based on these findings, it is proposed that the functional roles of acetylation in these processes are evolutionary conserved from yeast to mammals.

Advancements in mass spectrometry (MS)-based proteomics have greatly facilitated identification of thousands of post-translational modification (PTM) sites in eukaryotic cells ([@B14][@B15][@B16][@B17]--[@B18]). Proteome-wide mapping of PTM sites can provide important leads for analyzing the functional relevance of individual sites and a systems-wide view of the regulatory scope of post-translational modifications. Also, large-scale PTM datasets are an important resource for the in silico analysis of PTMs, which can broaden the understanding of modification site properties and their evolutionary trajectories.

The budding yeast *Saccharomyces cerevisiae* is a commonly used unicellular eukaryotic model organism. Yeast has been used in many pioneering "-omics" studies, including sequencing of the first eukaryotic genome ([@B19]), systems-wide genetic interactions analysis ([@B20], [@B21]), MS-based comprehensive mapping of a eukaryotic proteome ([@B22]), and proteome-wide analysis of protein-protein interactions ([@B23], [@B24]). In addition, *S. cerevisiae* has been extensively used to study the molecular mechanisms of acetylation. Many lysine acetyltransferases and deacetylases were discovered in this organism ([@B2], [@B25]), and their orthologs were subsequently identified in higher eukaryotes. Furthermore, the functional roles of many well-studied acetylation sites on histones are conserved from yeast to mammals. Recent data from human and *Drosophila* cells show that acetylation is present on many highly conserved metabolic enzymes ([@B26][@B27]--[@B28]). However, only a few dozen yeast acetylation sites are annotated in the Uniprot database. Given the presence of a well-conserved and elaborate acetylation machinery in yeast, we reasoned that many more acetylation sites exist in this organism that remained to be identified.

Here we used high resolution mass spectrometry-based proteomics to investigate the scope of acetylation in *S. cerevisiae*. We identified about 4000 unique acetylation sites in this important model organism. Bioinformatic analysis of yeast acetylation sites and comparison with previously identified human and *Drosophila* acetylation sites indicates that many acetylation sites are evolutionary conserved. Furthermore, quantitative analysis of the Rpd3-regulated acetylation sites identified several nuclear proteins that showed increased acetylation in *rpd3* knockout cells. Our results provide a systems-wide view of acetylation in budding yeast, and a rich dataset for functional analysis of acetylation sites in this organism.

MATERIALS AND METHODS
=====================

### 

#### Yeast Cultures and Preparation of Protein Lysates

*S. cerevisiae* cells from a lysine auxotroph strain (BY4742) were grown in a synthetic complete medium containing "light" lysine ([l]{.smallcaps}-lysine ^12^C~6~,^14^N~2~, or Lysine^0^) or "heavy" lysine ([l]{.smallcaps}-lysine ^13^C~6~,^15^N~2~, or Lysine^8^) for more than 10 generations to an absorbance (measured at 600 nm (OD~600~)) value of ∼0.7. For quantification of the Rpd3-regulated acetylation sites, we used a lysine auxotroph *rpd3* deletion strain (*rpd3*Δ) obtained from the MATα yeast knockout collection ([@B29]). The wild-type control strain (BY4742) was grown in media supplemented with "light" lysine whereas *rpd3*Δ cells were cultured in "heavy" lysine containing media, to an OD~600~ of ∼0.5. Cells were harvested by centrifugation at 3000 × *g* for 5 min, washed once in water, and resuspended in lysis buffer (150 m[m]{.smallcaps} KAc, 2 m[m]{.smallcaps} MgAc, 20 m[m]{.smallcaps} Hepes, pH 7.4) supplemented with Protease Inhibitor Mixture (Roche). The cell-suspension was instantly frozen in liquid nitrogen and cells were cryo-grinded using a MM400 ball mill (Retsch) for 2 × 3 min at 25 Hz. Frozen powdered lysates were transferred to 50 ml tubes, thawed, and Triton-X was added to a final concentration of 1%, followed by incubation at 4 °C for 30 min. Extracts were centrifuged twice at 3500 × *g* for 10 min to remove cellular debris. Protein concentrations were measured using BCA protein assay kit (Thermo Scientific) and lysates were stored at −80 °C until further use.

#### MS Sample Preparation

Cell lysates were thawed and 20 mg of proteins from "light" and "heavy" labeled samples were mixed. Proteins were precipitated with 4 volumes of ice-cold acetone. After incubation at −20 °C for more than 1 h, the precipitate was pelleted at 3000 × *g* for 10 min and the liquid phase was discarded. The protein pellet was dissolved in 8 [m]{.smallcaps} urea solution (6 [m]{.smallcaps} urea, 2 [m]{.smallcaps} thiourea, 10 m[m]{.smallcaps} HEPES pH 8.0) and the protein concentration was measured using Bradford assay (BioRad, Hercules, CA). Protein samples were treated with 1 m[m]{.smallcaps} DTT for 45 min and subsequently alkylated with 5.5 m[m]{.smallcaps} iodoacetamide for 45 min in the dark. Proteins were digested with endoproteinase Lys-C (1 μg Lys-C per 100 μg protein) for 12--16 h at 25 °C. Samples were subsequently diluted with H~2~O to reduce the urea concentration to 2 [m]{.smallcaps} and the pH was adjusted to 8.0 with 1 [m]{.smallcaps} ammonium bicarbonate solution. Trypsin endoproteinase was added (1 μg Trypsin per 100 μg protein) and the samples were further digested for 12--16 h at 25 °C. Trypsin activity was stopped by addition of trifluoroacetic acid (TFA) to a final concentration of 1% and the peptide solution was incubated at 4 °C for 1--2 h. The solution was clarified by centrifugation at 3000 × *g* and peptides were purified using a C18 Sep-Pak cartridges (Waters, Milford, MA). Peptides were eluted from the C18 cartridges with 5 × 2 ml of 40% acetonitrile, 0.1% TFA in H~2~O. To remove acetonitrile, the sample was freeze-dried. Peptides were redissolved in immune affinity purification buffer (50 m[m]{.smallcaps} 3-(*N*-morpholino)propanesulfonic acid pH 7.2, 10 m[m]{.smallcaps} Na~3~PO~4~, 50 m[m]{.smallcaps} NaCl) and the peptide solution was clarified by centrifugation at 13000 × *g* for 5 min. Fifty microliters of agarose conjugated anti-acetyllysine antibodies (ImmuneChem Pharmaceuticals Inc., Burnaby, Canada, catalog number ICP0388) were added to the peptide mix (∼20 mg) and incubated on a rotating wheel at 4 °C for 12--16 h. The antibody batch numbers 022808 and 091211 were used for obtaining data set 1 ([supplemental Table S1](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)), and dataset 2 ([supplemental Table S2](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)), respectively. The immunoprecipitates were washed 3 times with ∼20 volumes ice-cold immunoaffinity purification (IAP) buffer and subsequently three times with ∼20 volumes ice-cold H~2~O. Peptides were eluted with 0.15% TFA in water. The eluted peptides were separated into 12 fractions by isoelectric focusing as described ([@B30], [@B31]), or fractioned into four fractions by micro-column-based strong cation exchange fractionation ([@B32]). The fractionated peptides were purified on StageTips packed with C18 reversed-phase material ([@B32]).

#### MS Analysis

Peptide fractions from immunoprecipitated samples were analyzed on a hybrid linear ion-trap Orbitrap (LTQ-Orbitrap Velos, Thermo Scientific) ([@B33]) or quadrupole Orbitrap (Q-Exactive, Thermo Scientific) mass spectrometer ([@B34], [@B35]) equipped with a nanoflow HPLC system (Thermo Scientific) as described. Peptide samples were loaded onto C18 reversed phase columns (15 cm length, 75 μm inner diameter) and peptides were eluted with a linear gradient (3--4 h) from 8 to 40% acetonitrile containing 0.5% acetic acid. The mass spectrometers were operated in data dependent mode, automatically switching between MS and MS2 acquisition. Survey full scan MS spectra (*m*/*z* 300--1700) were acquired in the Orbitrap. The 10 most intense ions were sequentially isolated and fragmented by higher-energy C-trap dissociation (HCD) ([@B36]). An ion selection threshold of 5000 counts was used. Peptides with unassigned charge states, as well as with charge states less than +2 were excluded from fragmentation. Fragment spectra were recorded in the Orbitrap mass analyzer. A lock mass ion from ambient air (*m*/*z* 445.120025) was used for internal calibration of measurements in the Orbitrap on LTQ-Orbitrap Velos mass spectrometers ([@B37]).

#### MS-data Processing

Raw MS data files obtained from the LTQ Orbitrap Velos or Q-Exactive were processed using MaxQuant (development version 1.2.7.1, <http://www.maxquant.org/>) ([@B38], [@B39]). Peptide ion masses and fragment spectra were searched against the Saccharomyces Genome Database (SGD) ([@B40]) release 63 containing 6717 putative protein sequences (<http://downloads.yeastgenome.org/>). Peptide sequences were searched using trypsin specificity and allowing a maximum of two missed cleavages. Carbamidomethylation of cystein was searched as fixed modification and methionine oxidation, N-terminal acetylation, and lysine acetylation were added as variable modifications. MaxQuant presearch determined spectra that result from heavy stable isotope labeling by amino acids in cell culture (SILAC) labeled peptides and searched these with the additional fixed modification of Lys^8^, whereas spectra with a SILAC state not determined in presearch were searched with Lys^8^ as additional variable modification. Lysine acetylation sites were required to be located internally within modified peptide sequences. Database searching was performed with 6 ppm mass tolerance for precursor ions and 20 ppm for fragment ions. The false discovery rate (FDR) was estimated using a target-decoy approach ([@B41]) allowing a maximum of 1% false identifications from a reversed sequence database. Localization probabilities were calculated by MaxQuant as previously described ([@B42]). MS2 spectra associated with acetylated peptides reported here can be found in [supplemental Fig. S3 and S4](http://www.mcponline.org/cgi/content/full/M112.017251/DC1).

#### Bioinformatic Analysis

Statistical analysis was performed using the R software environment. Analysis of the amino acid sequences surrounding acetylation sites was performed using iceLogo ([@B43]). Evolutionary conservation analysis was performed using orthology assignments and multi-sequence alignments from the evolutionary genealogy of genes: nonsupervised orthology groups (eggNOG) database version 2.0 ([@B44]). The eggNOG database contains extended versions of the manually curated eurkaryotic orthology groups (KOGs) and adds additional eukaryotic nonsupervised orthology groups (euNOGs), thereby providing a broad coverage of protein sequences over different species. First, all modified yeast peptide sequences were mapped to eggNOG protein sequences and orthology groups. Only peptides matching to sequences in a single orthology group were considered for further analysis to avoid over-counting of ambiguous peptide matches. Lysine conservation was determined for each species and at each alignment position that corresponds to a yeast modification site separately. A lysine residue was considered to be conserved if at least one sequence in the multi-sequence alignment contained a lysine residue at the aligned position. A dataset containing all lysine residues of all proteins identified in this study served as control. Mean conservation of modified residues and control residues were plotted separately for each species. *p* values were separately calculated for each species using Fisher\'s exact test.

Gene Ontology (GO) annotation analysis was performed using the GO Slim Mapper from the SGD. *p* values were calculated separately for each GO slim term using Fisher\'s exact test. A *p* value \< 0.01 (adjusted for multiple comparisons) was considered statistically significant. Alternatively, gene ontology biological process term enrichment analysis was performed using the DAVID bioinformatics resource ([@B45]).

Functional interaction network analysis was performed using interaction data from the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database ([@B46]). Only high confidence interactions (score \> 0.7) are represented in the networks. Interactions derived from text-mining were excluded. Cytoscape ([@B47]) version 2.8 was used for visualization of protein interaction networks.

#### Computational Modeling and Simulations

The initial model of Ubp8-Sgf11-Sgf73-Sus1 SAGA DUB module complex was prepared from the available crystal structure (PDB code [3M99](3M99)) ([@B48]). The missing regions/loops in the crystal structure were modeled using modeler ([@B49]) via the MODWEB (<http://salilab.org/modweb>) and MODLOOP (<http://salilab.org/modloop>) servers. For acetylated K33 (Ac-K33) of the Sgf73 domain, the lysine residue was modified using *Sirius* visualization system. The protein complex was then solvated in simple point charge (SPC) water molecules in a dodecahedron box, with the box edges ∼1.0 nm from any atom of the protein. Appropriate numbers of sodium ions were added to maintain system neutrality. The system was energy minimized using steepest descent and after an equilibration of 200 ps, the system was subjected to 5 ns of molecular dynamics (MD) simulation. All MD simulations were carried out with the GROMACS 4.0.7 simulation software package ([@B50]) and the GROMOS96 43a2 force field ([@B51]). The simulations were performed under a constant temperature of 300 K using a coupling constant of 0.1 ps and constant pressure of 1 atm with a coupling constant of 1.0 ps. The V-rescale algorithm ([@B52]) was used for temperature and pressure was maintained using Parrinello-Rahman method ([@B53]). Van der Waals interactions used a simple cut off at 1.2 nm and long range electrostatics were handled using the Fast Particle-Mesh Ewald method (PME) ([@B54]) with a cutoff of 1.2 nm. All bonds were constrained using the LINCS algorithm ([@B55]). The water molecules were constrained using SETTLE algorithm ([@B56]). The time step used in the simulations was 2 fs.

RESULTS
=======

### 

#### Proteome-wide Mapping of Lysine Acetylation Sites in S. cerevisiae

To map lysine acetylation sites in budding yeast we used proteins prepared from exponentially growing (OD~600~ 0.7) *S. cerevisiae* cells. Proteins were digested into peptides using trypsin, and acetylated peptides were immuno-enriched using anti-acetyllysine antibodies as described previously ([@B26], [@B57]) ([Fig. 1](#F1){ref-type="fig"}*A*). To identify low abundant modification sites, the sample complexity was further reduced by fractionating peptides using isoelectric focusing ([@B30], [@B31]). Peptides were analyzed with liquid chromatography coupled to a high resolution Orbitrap mass spectrometer (LTQ Orbitrap Velos or Q Exactive). Peptides were fragmented using HCD ([@B36]) and intact peptide ions as well as their fragment ion masses were measured in the Orbitrap mass analyzer. Raw data were processed using MaxQuant ([@B38]), and mass spectra were searched using the Andromeda search engine ([@B58]).

![**Proteome-wide identification of lysine acetylation sites in *S. cerevisiae*.** *A*, Schematic representation of the workflow used for the identification of yeast acetylation sites. Yeast cells were harvested and mechanically lysed, and proteins were digested into peptides and acetylated peptides were enriched using anti-acetyllysine antibodies. The enriched peptides were further fractionated by isoelectric focusing and analyzed by mass spectrometry. *B*, The graph shows the number of acetylation sites identified in each of four experiments, as well as total number of acetylation sites identified in all four experiments. The number of identified acetylation sites is indicated within each bar. *C*, The table shows the number of acetylation sites identified in each experiment and the percent of acetylation sites identified in one or more experiments. For example, for any of four experiments 77--92% of sites were identified in more than one experiment. *D*, The presence of the acetyllysine diagnostic ion in MS fragment scans of acetylated peptides and nonacetylated peptides. The mass of the diagnostic ion (126.09 *m*/*z* or 132.11 *m*/*z*) is closely associated with the SILAC state of the lysine from corresponding fragment scans.](zjw0111242720001){#F1}

To obtain an in-depth view of the lysine acetylation in yeast we performed four biological replicate experiments. Forty-eight samples (12 fractions from each experiment) were analyzed by liquid chromatography coupled to electrospray ionization mass spectrometry (LC-MS/MS). Data from all four experiments were processed collectively allowing a FDR of 1% at both peptide and site level. Assuming that trypsin fails to cleave at the C terminus of acetylated lysines, we required that all acetylated peptides should contain at least one lysine that is internal to the peptide sequence. After applying these parameters, we identified 2,878 acetylation sites ([supplemental Table S1](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)) that matched to 1,059 unique yeast open reading frames (ORFs) from the Saccharomyces Genome Database (SGD) ([@B40]). Acetylation of four randomly selected proteins was verified by anti-acetyllysine immunoblotting ([supplemental Fig. S1*A*](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). To assess the reproducibility of our experimental approach, we calculated the overlap of identified acetylation sites between the four experiments. A majority (∼67%) of the reported acetylation sites were identified in two or more replicate experiments and about 77--92% of the acetylation sites identified in any one experiment were found in at least one other experiment ([Figs. 1](#F1){ref-type="fig"}*B* and [1](#F1){ref-type="fig"}*C*).

#### Evaluation of the Acetyllysine Diagnostic Ion in the Identification of Acetylation Sites

It has been reported that fragmentation of acetyl-lysine containing peptides can yield a highly specific "diagnostic" ion at *m*/*z* 126 (precise mass 126.0913 Da) ([@B59]), which can provide additional confidence for the presence of acetylated lysine within a peptide. This marker ion is derived from an acetyl-lysine immonium ion (Im) by loss of ammonia, here referred to as Im(acK). The presence of this diagnostic ion was previously assessed using synthetic peptides or *in vitro* chemically acetylated peptides ([@B59], [@B60]). However, its utility has not been tested in a large-scale *in vivo* acetylation analysis. To date, the majority of MS-based large-scale acetylation analyses have been performed using the collision induced dissociation (CID) fragmentation method where fragment ions were detected in a linear ion trap. However, the ion trap mass analyzers suffer from the so called "one-third cut off rule" where peptide fragment ion masses lower than one-third of their intact peptide ion mass cannot be observed in the MS/MS spectra. The Im(acK) ion is present in the low mass region of MS/MS spectra and is frequently not recorded in CID spectra. Thus, a significant advantage of HCD fragmentation is that it enables measurement of peptide fragment ions in the low mass region with high precision. To test the specificity of the diagnostic Im(acK) ion, we scanned the MS/MS spectra of all peptides sequenced with the HCD method. We performed all our experiments using SILAC by growing yeast cells in media containing lysine^0^ or lysine^8^ ([@B61]). In a SILAC experiment, the mass of the Im(acK) ion depends on the SILAC state of the precursor peptide (for lysine^0^ the diagnostic ion mass is: 126.0913 Da; for lysine^8^ the diagnostic ion mass is: 132.1050 Da). With this experimental setup we were able to investigate the diagnostic relevance of this ion for acetylation site identifications. In our dataset we find that a large fraction (\>80%) of the fragment spectra of acetylated peptides contains the Im(acK) ion ([Fig. 1](#F1){ref-type="fig"}*D*). As expected, we find that the *m*/*z* of Im(acK) ion is tightly associated with the SILAC state of the sequenced peptides---the light ion (126.0913 Da) is found in fragment scans of light SILAC peptides, whereas the heavy ion (132.1050 Da) is found in fragment scans of heavy SILAC peptides. Although the presence of the Im(acK) ion appears to correlate well with the acetylated peptides in our data, we note that the ion is also present in a small fraction of MS/MS scans assigned to unmodified peptides. In these spectra associated with nonacetylated peptides the mass of the diagnostic ion did not correlate with the SILAC state of the identified peptide, indicating that the Im(acK) ion could be derived from co-eluting peptides. To confirm the specificity of the Im(acK) ion, we performed an acetylation analysis from non-SILAC samples. In these data we only find the Im(acK) ion with a mass of 126.0913 Da in the spectra of acetylated peptides, and no MS/MS spectra containing a mass of 132.1050 Da (data not shown). These results confirm that the Im(acK) diagnostic ion is highly specific for acetylation. However, it also indicates that the diagnostic value of the Im(acK) ion for individual site identifications in large-scale acetylation studies is somewhat limited. In retrospect, this is not surprising because the selection window for precursor ions is several mass units wide and often admits a fraction of co-eluting peptides ([@B30], [@B31]).

#### Distribution of Acetylation Sites in the S. cerevisiae Proteome

To assess the distribution of acetylation sites in the yeast proteome, we calculated the number of identified modification sites per protein. Although about 50% of proteins contained only one acetylation site, many other proteins in our dataset were acetylated on multiple lysines ([Fig. 2](#F2){ref-type="fig"}*A*). Among the highly acetylated proteins are many mitochondrial enzymes that are involved in diverse metabolic pathways ([supplemental Table S1](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). Identification of PTMs on low abundant proteins can be challenging in MS-based studies because of a limited dynamic range of the instruments. We used the known abundance distribution of yeast proteins that was estimated by measuring copy numbers of green fluorescent protein (GFP) -tagged yeast ORFs ([@B62]) to compare the abundance of acetylated proteins identified in our study with the abundance of all yeast proteins ([Fig. 2](#F2){ref-type="fig"}*B*). The results obtained from this analysis indicate a bias for detecting acetylation sites on more abundant proteins, and suggest that our dataset is unlikely to be comprehensive. Regardless, the number of acetylation sites identified in yeast is comparable to the number of sites identified in human and *Drosophila*, suggesting that acetylation is as widespread in yeast as in metazoans.

![**Acetylation targets proteins involved in diverse biological processes.** *A*, The pie chart illustrates the number of lysine acetylation sites identified per protein. *B*, The abundance distribution of acetylated proteins. The abundance of acetylated proteins was compared with the abundance of all cellular proteins. *C*, Comparative GO slim biological process and cellular compartment term enrichment analysis of acetylated proteins and all yeast proteins.](zjw0111242720002){#F2}

#### Cellular Localization and Functional Annotations of Acetylated Proteins

Gene Ontology (GO) enrichment analysis was performed on acetylated proteins to examine the preferential subcellular localization of acetylated proteins and to reveal the biological processes they are involved in. Acetylated proteins were more frequently present in the cytoplasm, nucleus, and mitochondria whereas they were underrepresented in the membrane compartments ([Fig. 2](#F2){ref-type="fig"}*C*). Several GOBP (GO biological process) terms were significantly overrepresented in our data, including enzymes involved in amino acid metabolism, histone modification, ribosome assembly, and terms related to translational control. The role of acetylation in histone modification and its effects on control of gene expression has been extensively studied over the last decades. We find that acetylation occurs on many proteins involved in diverse nuclear processes such as RNA processing, DNA repair, and nuclear transport suggesting a broad regulatory scope of this modification in the nucleus. Interestingly, we find that a sizable portion of acetylation sites is located on cytoplasmic proteins, including proteins involved in protein synthesis and protein folding. Many of these proteins were previously found to be acetylated in human and *Drosophila* cells ([@B26], [@B28]), implying that acetylation may play an evolutionary conserved role in regulating protein synthesis.

#### Acetylation of Metabolic Enzymes

The enzymes involved in central metabolic pathways are highly conserved, and many acetylation sites have been identified in human ([@B26], [@B27]), *Drosophila* ([@B28]), and bacterial metabolic enzymes ([@B63][@B64]--[@B65]). We investigated the acetylation of metabolic enzymes in yeast by mapping acetylated proteins to KEGG metabolic pathways ([@B66]). A large proportion of metabolic enzymes that are involved in glycolysis/gluconeogenesis and amino acid metabolisms, such as the glycine/serine/threonine metabolism pathway are acetylated ([Fig. 3](#F3){ref-type="fig"}). Several enzymes involved in these pathways were previously reported as acetylated in various organisms ([@B26], [@B28], [@B63], [@B65]). The fact that nearly all enzymes in major metabolic pathways are subjected to acetylation implies that this modification may be intricately linked to cellular metabolism at multiple levels. Hence, our results support the notion that acetylation may have an anciently conserved role in controlling cellular metabolism ([@B7]). However, given that many of these proteins are acetylated on multiple lysines, deciphering their functional roles may be a challenging task.

![**Acetylation of metabolic enzymes in yeast.** Schematic representation of the enzymes involved in Glycolysis/Glyconeogenesis (*A*) and glycine, serine, and threonine metabolism (*B*). A majority of the enzymes involved in these biological processes were identified to be acetylated (color-coded in *green*).](zjw0111242720003){#F3}

#### Evolutionary Conservation of Acetylated Lysines

Several previously known acetylation sites in yeast proteins such as histones ([@B67], [@B68]), SAS2 ([@B69]), and SMC3 ([@B12], [@B70], [@B71]), are conserved in diverse eukaryotic organisms. To evaluate the degree of conservation of acetylated lysines identified in our screen, we performed a bioinformatic analysis using the evolutionary genealogy of genes: eggNOG database ([@B44]). Orthologs of acetylated yeast proteins were obtained for diverse prokaryotic and eukaryotic organisms, and the conservation of acetylated lysines was determined by aligning protein sequences of yeast with orthologs from the other indicated species. These analyses show that in comparison to nonacetylated lysines, acetylated lysines in yeast are significantly more conserved ([Fig. 4](#F4){ref-type="fig"}*A*). Furthermore, we used previously reported human ([@B26]) and *Drosophila* acetylation sites ([@B28]) to analyze the extent of site-specific conservation of acetylation. About one-third of acetylated lysines were found to be conserved between these species, and for a fraction of this acetylation was detected in *Drosophila* and human cells ([Fig. 4](#F4){ref-type="fig"}*B*).

![**Acetylation sites show a high degree of evolutionary conservation.** *A*, Lysine conservation of yeast acetylated lysines in other species. Acetylated lysines show a significantly higher conservation than nonacetylated lysines. *B*, Conservation of lysine and lysine acetylation from yeast to Drosophila and human.](zjw0111242720004){#F4}

#### Quantitative Analysis of the Rpd3-regulated Acetylation Sites

The enzymatic lysine deacetylation machinery is well-characterized in *S. cerevisiae* and consists of ten different KDACs. Among the class I KDACs Rpd3 is the most extensively studied deacetylase. Rpd3 is implicated in several biological processes, including regulation of histone acetylation ([@B67], [@B72]), transcriptional repression and chromatin silencing ([@B73][@B74]--[@B75]). To investigate the Rpd3-regulated acetylome, we applied a SILAC-based proteomics approach. Control wild-type (WT) cells were cultured in "light" SILAC media, and *rpd3*Δ cells were cultured in "heavy" SILAC media ([supplemental Fig. S1*B*](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). Acetylated peptides were identified and quantified by mass spectrometry. In two independent biological replicates we identified over 2300 sites ([Fig. 5](#F5){ref-type="fig"}*A*, [supplemental Table S2](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). About two-thirds of the acetylation sites were quantified in both replicates with high experimental reproducibility ([Fig. 5](#F5){ref-type="fig"}*B*).

![**Increased acetylation of nuclear proteins in *rpd3*Δ cells.** *A*, The Venn diagram shows the overlap of acetylation sites quantified in two independent replicate experiments comparing acetylation in wild-type cells with *rpd3* knockout cells. *B*, The scatter plot illustrates the experimental reproducibility of the two Rpd3 replicate experiments performed. Pearson\'s correlation coefficient is indicated. *C*, Gene Ontology enrichment analysis of proteins with increased acetylation (SILAC ratio \>2) in *rpd3*Δ cells. GO terms related to nuclear processes showed significant enrichment. *D*, Functional interaction networks of proteins displaying increased acetylation in *rpd3*Δ cells.](zjw0111242720005){#F5}

A Gene Ontology (GO) enrichment analysis of proteins with Rpd3-regulated acetylation sites showed enrichment of GO terms related to nuclear compartment and chromatin-associated processes ([Fig. 5](#F5){ref-type="fig"}*C*). These data are in agreement with the known localization of Rpd3 to the nucleus and its previously reported function in regulating gene transcription. Among the Rpd3-regulated acetylation sites several are present on histones and subunits of histone acetyltransferases ([supplemental Table S2](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). Many proteins that showed increased acetylation in *rpd3*Δ cells are functionally interconnected ([Fig. 5](#F5){ref-type="fig"}*D*). Acetylation of the SAGA (Spt-Ada-Gcn5-A cetyltransferase) complex subunit Sgf73 is increased on lysine 33 ([Fig. 6](#F6){ref-type="fig"}*A*). Interestingly, Lys33 of Sgf73 is located within the conserved WK motif which directly interacts with Ubp8 ([@B48], [@B76]). Ubp8 forms a deubiquitylase complex with the SAGA subunits that deubiquitylates histone H2B ([@B77]). The WK motif of Sgf73 forms direct hydrogen bonds with Ubp8 Q62 and mutations in the WK motif weakens the interaction between Sgf73 and Ubp8 ([@B48]). Computational modeling and simulation studies suggested that neutralization of the positive charge on K33 by acetylation places it further away from the side chain of Ubp8 Q62, which may weaken the interaction between Sgf73 and Ubp8 ([Fig. 6](#F6){ref-type="fig"}*B*). This interaction is maintained throughout in the control simulation (data not shown).

![**The *rpd3*Δ cells show increased acetylation of Sgf73 on lysine 33.** *A*, MS and MS/MS spectra of Sgf73 peptide containing acetylated lysine 33. The MS spectrum shows increased intensity of the peptide in *rpd3*Δ cells compared with wild-type control cells, and the fragment spectrum supports the peptide sequence identification and localization of the acetyl group on the indicated lysine. *B*, Lysine 33 of Sgf73 is located at the interaction interface of Sgf73 and Ubp8. The left panel shows cocrystal structure of Sgf73 and Ubp8 demonstrating a role of the K33 side chain in forming a hydrogen bond with the side chain of Q62 of Ubp8. The right panel shows a snapshot from the MD simulations, indicating that acetylation of Sgf73 within the WK motif at K33 neutralizes its positive charge, and moves it away from Upb8 Q62 side chain, with potential to weaken the interaction between Sgf73 and Ubp8.](zjw0111242720006){#F6}

Interestingly, a comparison of acetylation sites identified in our two datasets (dataset 1 from [Fig. 1](#F1){ref-type="fig"}, [supplemental Table S1](http://www.mcponline.org/cgi/content/full/M112.017251/DC1); dataset 2 from [Fig. 5](#F5){ref-type="fig"}, [supplemental Table S2](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)), showed that less than half of the acetylation were found in both experiments ([supplemental Fig. S2*A*](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). Thus, combining the results from these two datasets resulted in the identification of about 4000 acetylation sites. To understand the reasons for the relatively low overlap between these two datasets, we compared the amino acid sequences flanking nonoverlapping sites from each dataset. These analyses revealed that nonoverlapping sites are biased for different sequences flanking the modified lysines ([supplemental Fig. S2*B*](http://www.mcponline.org/cgi/content/full/M112.017251/DC1)). We used two different anti-acetyllysine antibody batches for these experiments, and these results may reflect batch-to-batch variability of these antibodies. This suggest that although antibody-based approaches are useful for identifying endogenous acetylation sites, caution should be taken in the interpretation of acetylation motifs as differences in antibody specificities may affect the outcome of such analyses.

DISCUSSION
==========

*S. cerevisiae* is the most widely used unicellular eukaryotic organism in biological research. Mass spectrometry-based proteomics has been used to identify a comprehensive proteome of *S. cerevisiae* ([@B22]). Yeast has also been used as a model organism in several MS-based global phosphoproteomic studies ([@B78], [@B79]).

Lysine acetylation has emerged as an important regulatory posttranslational modification. It is an evolutionary conserved modification that is found in all living organisms from bacteria to humans, suggesting that its regulatory roles may be conserved during evolution. The functional roles of lysine acetylation in histones have been extensively studied for over four decades, but until recently, deciphering the extent of this modification in nonhistone proteins remained challenging. In this study we use high resolution, high accuracy mass spectrometry-based proteomics to investigate the regulatory scope of acetylation in budding yeast. Identification of thousands of acetylation sites in this single cellular organism suggests that acetylation is at least as prevalent in yeast as in metazoans ([@B26], [@B28]). Our data shows that acetylation targets proteins involved in wide-ranging cellular functions, implying that this modification has broad regulatory roles. Considering the size of the yeast proteome, which is only about one-quarter of the human proteome, the number of acetylation sites identified in yeast is relatively large. Also, it appears that compared with phosphorylation, acetylation is relatively frequently observed in bacteria ([@B28], [@B63][@B64]--[@B65], [@B80][@B81]--[@B82]). However, the abundances of individual acetylation sites and functional implications of the relatively frequent occurrence of acetylation in prokaryotes and lower eukaryotes are presently unclear.

In accordance with a proposed evolutionary conserved regulatory role, we find that acetylated lysines are significantly more conserved across diverse species. It should be noted that a large fraction of conserved acetylation sites are present on proteins involved in vital biological processes that are conserved in essentially all living organisms, including metabolic enzymes, heat shock proteins, and ribosomes. A majority of enzymes involved in metabolic pathways are acetylated, often on multiple lysines. Similar observations have been made in metabolic enzymes from human ([@B26], [@B27]), *Drosophila* ([@B28]), and bacteria ([@B64], [@B65]) suggesting that acetylation may control activity or stability of these enzymes.

The use of HCD fragmentation in our analyses permitted us to explore the use of the previously described acetyl-lysine diagnostic ion ([@B60]) for confident identifications of acetylated peptides in mass spectrometry-based large-scale PTM analysis. The presence of the Im(acK) ion correlated well with the presence of acetylated lysines in the peptide sequences, however, a fraction of nonacetylated peptides also contained this ion in their fragment spectra. Our analyses show that in samples enriched for acetyl-lysine containing peptides, the presence of the Im(acK) ion in fragment spectra is a strong indicator of the presence of an acetylated lysine in the peptide sequence. However, a small fraction of fragment spectra of nonacetylated peptides also contain this ion, possibly derived from cofragmentation of acetylated peptides.

Quantitative analysis of *rpd3*Δ cells identified several acetylation sites, which showed increased abundance in *rpd3* knockout cells, including several sites on histones and histone acetyltransferases. These results are in agreement with the previously known functions of Rpd3, and suggest that the strategy described here can be applied to identify putative substrates of other deacetylases in yeast. We identified a previously unknown Rpd3-regulated acetylation site on the SAGA complex subunit Sgf73. The functional significance of this modification remains to be investigated; however, previously published structure function data and our structural modeling analyses indicates that acetylation of this lysine may play a regulatory role by modulating the interaction between Sgf73 and Ubp8.

In summary, we report the first large-scale, high resolution MS-based survey of lysine acetylation in *Saccharomyces cerevisiae*. Our results show that acetylated lysines are evolutionary conserved, supporting an anciently conserved role of this modification. The provided dataset may serve as important starting point for assessing the functional relevance of acetylation sites in budding yeast.
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